ABSTRACT The oral toxicitv of the Penicillium mvcotoxins, alone and in combination, to Heiiothis zea (Boddie) and' Spodoptera /TUgiperdti (]. E. Smith) at naturally occurring levels was evaluated. Ochratoxin A and citrinin were the most toxic alone to both insect species and caused abnormalities in the Malpighian tubules. The combination of ochratoxin A and penicillic acid was synergistically most toxic to H. zea, whereas the combination of ochratoxin A and citrinin was synergistically most toxic to S. /rugiperda. The production of frequently found combinations of mycotoxins by Penicillium fungi likely to be tlncountered by these insects is discussed in relation to the results obtained.
AN OBVIOUS TARGET for chJmical defense sYstems of the seed~infesting fungi are the insects that also may feed on these seeds (Janzen 197i, Wicklow 1984 1985) infect grain crops while they are in the field. These crops also are infested by the corn earworm, Heliothis zea (Boddie), and the fall armyworm, Spodoptera jrugiperda (J. E. Smith) (Metcalfet al. 1962 Krogh et a1. 19iO) , and penicillic acid can be carcinogenic (Dickens & Jones 1961) . These three mycotoxins can be toxic to stored grain insects (Wright et al. 1982) , but little is known about how thev exert their effects or whether naturally occurring levels are sufficient to affect insects.
Citrinin, ochratoxin A. and penicillic acid are Widely produced by fungi that infest cereals. For example. ochratoxin A is produced by Penicillium uiridicatum Westling at levels up to 27 ppm in grain \Scott et a1. 19i2) and also by P. viridicatum type II ;lnd III isolates in culture (Frisvad & Filtenborg 1983) , Citrinin is produced at levels up to 80 ppm in wheat by P. uiridicatum, as well as by
Penicillium paLitans Westling and Penicillium cy-
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cLopium Westling (Scott et al. 19i2 ) and in culture by Penicillium hirsutum Dierckx type II (FrisYad & Filtenborg 1983) and several other species of Penicillium (Frisvad 1981 . Frisvad & Filtenborg 1983 . Penicillic acid may be produced by several species of Penicillium and Aspergillus (Ciegler 19i2) . Interestingly, these mycotoxins are frq uently coproduced by different species. either in grain or in culture. Thus, either synergistic or antagonistic interactions may occur. in addition to additive effects, when the mvcotoxins are toxic at naturally occurring levels. Fo'r example. both citrinin and ochratoxin A are produced by P. viridicatum on grain (Scott et al. 1972 ) and in culture (Frisvad & Filtenborg 1983) . Penicillic acid and citrinin are coproduced in culture by most of the P. hirsutum type II strains examined (Frisvad & Filtenborg 19&'3) . Several species of Aspergillus may coproduce ochratoxin :\. and penicillic acid when cultured on corn and wheat (Ciegler 1972 ).
Therefore. I tested the relative toxicity of these compounds to S. jrugiperda and H. :::.ea at' naturally occurring levels, and I investigated their effects on selected tissues of the insects. The toxicitv of combinations of these mycotoxins was also e~aluated. Assays. :\ll chemicals were incorporated at naturally occurring levels of 25 ppm and 2.5 ppm (wet weight) (ochratoxin A and citrinin [Scott et al. 19i2] , and penicillic acid [Ciegler 1972] ). Five-milliliter aliquots of diet were held at 6O"C after initial mixing to prevent solidification. The chemicals were incorporated in 12510'1 of acetone, which was blended into the diet with a vortex mixer at high speed for 25 s. Preliminarv observations with colored chemicals dissolved i~acetone indicated that incorporation was uniform when this method was used. The diets were dispensed into Petri plates and allowed to cool to room temperature. To remove the acetone, the diets were placed in the hood until slight browning occurred (about 10 min). Solvent blanks were used as controls. The diet was sectioned into 20 pieces of approximately equal size, which were individually placed in 20 wells of 24-well immunoassay plates. A neonate larva was then added to each well. Two sets of 20 larvae were used for each set of chemicals or combinations. To prevent drying of the diet, the plate was covered with a sheet of parafilm, a sheet of cardboard, and the top (which was held in place by a rubber band). Groups of plates were placed in two polyethylene bags, kept closed with rubber bands. and held under the same conditions used for insect rearing. \tlortalitv was checked after 2. ·t and 7 d. Larvae were als~weighed after 7 d. Differences in mortality were analvzed by chi-square analysis. and differences in weights of survivors were analyzed by contrast analysis as part of the general linear models procedures (SAS Institute 1985) . Where chemicals were combined. interactions reflected bv mortality were determined bv chi-square analysis in which the added values were used as predicted Weights are means :t standard error.; for survivors of mortality assays. Values in columns followed bv the same letter are not significantly different at P < 0.05 by' chi-square analysis (mortality) or general linear models contrast analysis (weights) (SAS Institute 1985) (single chemicals and controls). Values in rows followed by an • indicate significant interactions between chemical combinations at P < 0.05 by chi-square analysis (mortality) or factorial analysis (GLM) (negative for weights). Some larvae escaped. and mortality values have been adjusted accordingly. mortality, and interactions for weights of survivors were determined by 2 x 2 factorial analysis (SAS Institute 1985).
.V1aterials and Methods

Insects
Effects on Tissues. Uniform portions of the midgut. fat body, and all Malpighian tubules were dissected in distilled water from at least five larvae fed the 25-ppm concentration of ochratoxin A and citrinin. Thev were air-dried onto slides. fixed with methanol fo~1 min. stained as whole mounts with Maver's hematoxvlin for 2 min. rinsed with deionizej water. and ailowed to air-drv. The slides were permanently mounted with Per~cunt.
Results
Because mortalitv was verv similar at all three inspection intervals: only i -d~ortality is reported. Both ochratoxin A and citrinin caused significant mortality to H. ::.ea larvae at 25 ppm (Table 1) . Ochratoxin A caused greater reductions in weights of survivors than citrinin at 25 ppm. Penicillic acid had little effect on mortalitv but did decrease the rate of development of H.~ea larvae at 25 ppm. Ochratoxin :\ and citrinin also significantly reduced the weights of survivors at 2.5 ppm (Table  2) . although little mortality was noted. Neither citrinin nor peniciJlic acid had much effect on H. ::.ea at 2.5 ppm.
Ochratoxin A and citrinin also caused significant mortality of S. frugiperda larvae at 25 ppm and reduced weights of larvae as well (Table 1) . Penicillic acid had much less effect on S. frugiperda at 25 ppm. although it did delay development. Only the ochratoxin A had a negative effect on S. jrugiperda at 2.5 ppm (Table 2 ), but penicillic acid increased growth rates.
The combination of ochratoxin A and citrinin was antagonistic, as indicated by the weights of survivors. The combination of ochratoxin A and penicillic acid synergized the mortality to H. zea (Table 2) Little effect on either the fat body or midgut if either insect species was seen for ochratoxin A or citrinin. However, there were noticeable alterations in the structure of the Malpighian tubules; they were similar in both insect species ( Fig. 1 and  2) . Ochratoxin A appeared to inhibit growth of the nucleus. and lesions were noted with citrinin. :\mounts of crystalline material greater than normal were often seen in the Malpighian tubules of the treated insects. suggesting that their excretory function was affected.
Discussion
Ochratoxin A and citrinin previously have been reported to be toxic to a stored grain pest. the \;lediterranean [lour moth. ...l"nagasta kuhniella (Zeller), with ochratoxin A being most toxic (Wright & Harein 1982) . All three mvcotoxins also were toxic to SpodopteTa littoTalis BOisduval (Patterson et al. 198i ). In my study, ochratoxin ;\ and citrinin were toxic to both insect species at naturally occurring concentrations (25 ppm) (Scott et al. 19i2) , thus these metabolites appear to act as a defense against these insects and perhaps against Lepidoptera in general. The growth enhancement in S. frugipeTda larvae caused by the low level of penicillic acid was unexpected and remains unexplained. However, growth enhancement has been reported (Wright et al. 1980) for Penicillium isolates which may have contained penicillic acid, and reproductive enhancement by other mycotoxins in insects also has been reported (Wright et al. 19i61. Synergistic interactions between ochratoxin A. citrinin, and penicillic acid have been reported previouslv for mice (Sansing et al. L9i6l . The chemicals were svnergistic in all combinations, However. in mv studv~the most consistent effect was seen for ochratoxi'n A plus penicillic acid, The reasons for the svnergism in mice was unclear bllt appeared to be related to interference with the healing processes of the liver and kidney (Sansing et al. 19i61, : \lthough the mode of action of these Penicillium metabolites is unknown in insects. damage to the Malpighian tubules (comparable to mammalian kidneys) in insects treated with ochratoxin A and citrinin was noted at the higher con-28 ENVIRONMENTAL ENTOMOLOGY Vol. 18, no. 1 centrations and is similar to the effects reported in rats when they were fed extracts of fungi that produce PeniciLLium mycotoxins (Krogh et al. 1970l . The chelating properties of penicillic acid suggest that it may act in the same manner as other fungalderived chelators in inhibiting oxidative enzymes responsible for detoxification in insects (Dowd 1988, Dowd in press) .
Ochratoxin A, penicillic acid, and citrinin are produced alone, in combination with each other (see introduction), or in combination with other mycotoxins (Frisvad & Filtenborg 1983) . Penicillic acid is widely coproduced with a variety of mycotoxins (Frisvad & Filtenborg 1983) . In light of its synergistic properties demonstrated in my study, it may be playing a widespread role in synergizing other co-occumng mycotoxins as well. Only ochratoxin A is produced in many strains of P. viridicatum type III strains. yet it is coproduced with citrinin by 30-50% of the type II strains (Frisvad & Filtenborg 1983) . The results of my study suggest a reason for this variation in coproduction by different species of fungi. Ochratoxin A plus citrinin was slightly antagonistic to H. zea (but was of similar toxicity to ochratoxin A alone) and synergistic to S. frugiperda; this is a highly different response, considering that two closely related insect species are involved. Production of toxins, alone or in combination, may depend on the spectrum of predators to which the fungi are exposed and the relative toxicity of the toxins. alone or in combination, to these predators. In my study, where a fungus is potentially preyed upon by several species of insects, the ochra~oxin A-citrinin combination was most effective overall; a combination that occurs frequently in fungi that infect grain crops fed upon by insects. The same line of reasoning may apply for rodent predators of grain as well.
Thus, ochratoxin A and citrinin appear to be effective defenses for PeniciLLium spp. fungi against lepidopterous insects. The presence of combinations of Penicillium metabolites can enhance their toxicity to insects or to other animals, so that lower concentrations of combinations mav be as effective as higher concentrations of one~hemical alone. Producing lower levels of synergistic combinations of mvcotoxins mav be biosvntheticallv more efficient"in that it allo~s for conservation~f resources. Because of the widespread production of multiple secondary metabolites by many fungi, further investigations are needed to understand better the impact of these combinations.
